Mapping axon diameter is of interest for the potential diagnosis and monitoring of various neuronal pathologies. Advanced diffusion-weighted MRI methods have been developed to measure mean axon diameters noninvasively, but suffer major drawbacks that prevent their direct translation into clinical practice, such as complex non-linear data fitting and, more importantly, long scanning times that are usually not tolerable for most human subjects. In the current study, temporal diffusion spectroscopy using oscillating diffusion gradients was used to measure mean axon diameters with high sensitivity to small axons in the central nervous system. Axon diameters have been found to be correlated with a novel metric, DDR ⊥ (the rate of dispersion of the perpendicular diffusion coefficient with gradient frequency), which is a model-free quantity that does not require complex data analyses and can be obtained from two diffusion coefficient measurements in clinically relevant times with conventional MRI machines. A comprehensive investigation including computer simulations and animal experiments ex vivo showed that measurements of DDR ⊥ agree closely with histological data. In humans in vivo, DDR ⊥ was also found to correlate well with reported mean axon diameters in human corpus callosum, and the total scan time was only about 8 min. In conclusion, DDR ⊥ may have potential to serve as a fast, simple and model-free approach to map the mean axon diameter of white matter in clinics for assessing axon diameter changes.
INTRODUCTION
The extent of axonal damage has been suggested to be a key predictor of outcome in human central nervous system diseases (1, 2) . It has also been reported that axonal damage is dependent on axon diameter in various neural disorders. For example, for acute and chronic lesions in multiple sclerosis, direct axon counting in post-mortem tissue has suggested that smaller axons might have a greater susceptibility to damage (3) . It is also reported that large-diameter axons (type A-alpha) are damaged selectively (4), while small-diameter axons are maldeveloped in autism (5) . In addition, traumatic brain injury causes significant axonal swelling (6) , and the extent of swelling has been reported to be correlated with survival time (7) . These studies all indicate that axon diameter is an important metric to evaluate or to predict the progress of different neurological disorders, and hence measurements of axon diameter have significant potential in many clinical applications. Axon diameters have traditionally been measured using invasive biopsies and destructive histological procedures, which are extremely challenging or impractical in vivo, often resulting in significant damage to nervous tissues.
Diffusion-weighted MRI (DWI) provides a powerful approach to measure tissue microstructure non-invasively via detecting the random Brownian motion of water molecules in biological tissues. Water diffusion is restricted or hindered by various microstructures, e.g. cell membranes and organelles, so measurements of the apparent diffusion coefficient (ADC) provide a means to characterize microstructural variations. However, previous attempts to correlate ADC measurements with mean axon diameter have not been successful (8) (9) (10) , perhaps because of the complication of contributions from multiple compartments and limitations on the pulse sequences used. q-space imaging is a diffusion imaging technique that measures the displacement probability profile of water molecules (11) (12) (13) , and hence mean pore diameters can be obtained (14) . However, due to the violation of the short gradient approximation, along with the contribution from extra-axonal diffusion, the mean axon diameter is typically overestimated even with extremely strong gradients, e.g. 48 000 mT/m (15, 16) . Another approach, using the CHARMED model (17) , has been developed to include the separation of intra-and extra-axonal diffusion, and from this, the axon diameter distribution within white matter can be fit. This approach is named the AxCaliber framework (18, 19) . However, this approach requires a scanning time usually too long for human subjects: scans of 30 h for fixed nerves (18) and about 2 h for the corpus callosum of rat brain in vivo (19) have been reported. To reduce scanning times, the ActiveAx model was developed to measure mean axon diameters instead of distributions within about 1 h for whole brain (20) and around 35 min for stable parameter estimates in human corpus callosum with known direction, both of which were still long for clinical applications (21) . A recent study suggested a clinically feasible 11.5 min for the AxCaliber protocol in human corpus callosum (22) , but it has been criticized as overestimating axon diameter again (23) . Some other approaches have been recently proposed to measure mean axon diameter, such as the d-PFG (24) (25) (26) and the OGSE (oscillating gradient spin echo) frameworks, which enhance sensitivity to small axons (27) (28) (29) , but these methods also require long scanning times.
All of the above methods have several limitations that prevent directly translating these techniques into practice. Long scanning times (≳1 h) are not feasible for routine MR patient imaging. Moreover, the data analyses on which they rely are all based on a priori mathematical models that require complex non-linear data fitting strategies for their interpretation. Therefore, a fast, simple and model-free method is attractive for mapping axon diameters in vivo in a clinical environment. We propose a simplified implementation of temporal diffusion spectroscopy via the OGSE method to map axon diameters. The OGSE method has the ability to achieve very short diffusion times (30) , and hence is able to probe microstructure at short length scales (31) (32) (33) (34) . In neuroimaging, the OGSE method can enhance the detection sensitivity to small axons (28) and provide additional microstructural information (35, 36) . In a previous temporal diffusion spectroscopy study (28) , mathematical modeling and measurements were performed to estimate mean axon size and intra-axonal volume fraction simultaneously. However, that approach requires relatively long scanning time, as for other axon size mapping approaches (18) (19) (20) . In the current study, we show a different approach: without sophisticated non-linear data fitting and long scan time, the mean axon size can be mapped rapidly using a simple metric; i.e., the low frequency dispersion of ADCs over a relatively small range of frequencies can be correlated well with reported axon dimensions. Computer simulations and animal ex vivo and human in vivo studies were performed to comprehensively evaluate and valid this approach.
MATERIALS AND METHODS

Temporal diffusion spectroscopy
For a diffusion-sensitizing gradient g(t), the diffusion-weighted signal can be written as (30)
where D(f) is the temporal diffusion spectrum, the Fourier transform of the autocorrelation function (A(t)) of the velocities (v(t)) of water molecules, i.e. A(t) = 〈v(τ)v(τ + t)〉 (37), while F(f) is the gradient modulation spectrum, namely
If g(t) is modulated with a cosine waveform with a frequency f m , F(f) serves as a sampling function centered at ±f m (i.e. the Dirac delta function if the effect of finite gradient duration is ignored (38)), and hence D(f m ) can be measured directly. Note that the effective diffusion time for such a sequence is not the time between gradient pulses as in pulsed gradient spin echo (PGSE) sequences, but is equal to 1/(4f m ), which has been validated in neural tissues with low b values (39) . Therefore, by selecting different gradient frequencies, the frequency-dependent spectrum D(f) (corresponding to sampling at different diffusion times) can be obtained, which provides microstructural information at different length scales.
Perpendicular diffusion dispersion rate -DDR ⊥
If velocity autocorrelation functions are exponential decays in time, the whole temporal diffusion spectrum D(f) of restricted diffusion obtained using the OGSE method over all frequencies can be expressed as a superposition of a series of Lorentzian functions (40) . However, the b value of the OGSE method is proportional to G 2 /f 2 , and hence the highest achievable frequency in practice is still limited by the gradient strength G. Meanwhile, the lowest achievable frequency is limited by the diffusion gradient duration δ; i.e., f min = 1/δ. Therefore, D(f) can only be evaluated over a restricted range of frequencies in practice. Figure 1A shows D(f) for arrays of impermeable cylinders with different diameters with gradients perpendicular to the main axis. Note that the intra-cylinder diffusion coefficient was assumed to be 1.0 μm 2 /ms. Due to the limitation of the maximum gradient strength on most current human MRI machines, the practical frequency range is usually quite narrow; e.g., 18 < f < 63 Hz was used in human in vivo OGSE measurements with G < 60 mT/m (41,42) and 0 < f < 1000 Hz was used in rat brain in vivo with G < 1000 mT/m (43) . Considering the small diameter of most axons in the central nervous system, e.g. 1-5 μm, these frequencies are within the intermediate to low frequency range. For example, two frequencies (50 and 100 Hz) were chosen to show the linearity of the diffusion spectra over a narrow frequency range in Figure 1A . More importantly, when considering contributions from both intra-and extra-axonal spaces in real tissues, previous studies have shown that, over a narrow range of intermediate to low frequencies, the diffusion spectrum of simple geometries disperses with the gradient frequency in an approximately linear manner (32) , which has also been observed in tumors in vivo (44) and in neural tissues ex vivo (35, 45) . In addition, if axons are considered as randomly packed (46) , it has been found that the extracellular diffusion coefficient is linearly dependent on f in the low frequency range (47) . Therefore, a diffusion dispersion rate (DDR), i.e. the slope of such a linear dependence, can be simply defined as
over a narrow range of intermediate to low frequencies. If the diffusion gradient is perpendicular to the main axis of cylindrical axons, the dispersion rate of the perpendicular diffusion coefficient D ⊥ can be defined as DDR ⊥ . Figure 1B shows that, despite the discrepancy when the cylinder diameter (AxD) > 6 μm, DDR ⊥ correlates well with AxD < 6 μm, which is a typical axon diameter in the central nervous system. This feature demonstrates the basis of how measurements of DDR ⊥ can be used to estimate mean axon diameter. However, in realistic biological tissues, contributions from extra-axonal space may complicate and sometimes dominate the signal formation with long diffusion times (47) . In the current study, we report that DDR ⊥ of white matter is a reliable indicator of mean axon diameter in realistic tissues, and hence measurements of DDR ⊥ may provide a fast and simple means of mapping mean axon diameter in vivo.
Ex vivo study of rat spinal cord
Tissue preparation
The study was approved by the institutional animal care and use committee (IACUC) of Vanderbilt University. Six Sprague Dawley rats (275-350 g) were perfused, under deep anesthesia, through the left cardiac ventricle with phosphate buffer followed by 0.5% paraformaldehyde and 4% glutaraldehyde in phosphate buffer. Cervical spinal cord sections approximately 1 cm in length were cut out and immediately placed in fixative (0.5% paraformaldehyde and 4% glutaraldehyde in phosphate buffer) for 48 h. Samples were then washed with phosphate-buffered saline solution for at least 3 days before MRI scanning (48) . Each sample was put inside a 5 mm NMR tube filled with Fomblin. The details of the tissue preparation can be found in previous reports (49, 50) . 
Histology
Fixed spinal cord samples were dehydrated in graded ethanol and embedded in epoxy resin after MRI measurements. Several 1 μm thick axial sections were then cut and stained with 1% toluidine blue solution. Note that this tissue preparation protocol may cause a 10% decrease of cross-sectional area (52, 53) . Oil immersion light microscopy (LM) was used to acquire digital histological images at a resolution of 0.075 μm. LM images of six separate white matter tracts were collected from each of the six fixed spinal cords, i.e. vestibulospinal tract (VST), fasciculus cuneatus (FC), rubrospinal tract (RST), reticulospinal tract (ReST), funiculus gracilis (FG) and dorsal corticospinal tract (dCST). Thus, altogether 36 white matter tract regions of interest (ROIs; six per rat) were chosen. The histology section diameter was chosen to include about 200 or more axons in each histological section, i.e. 67.61 × 67.61 μm 2 for VST and FC, 45.11 × 45.11 μm 2 for RST and ReST, and 33.86 × 33.86 μm 2 for FG and dCST. Histological images were then digitally smoothed and semi-automatically segmented into regions of intra-and extra-axonal spaces and myelin. Note that the mean axon diameters obtained from MRI measurements are actually not the arithmetic mean of axons but rather the volume-weighted mean (20, 50) , and hence volume-weighted mean axon diameters (AxDs) were obtained for each white matter tract from histology, namely,
where N is the total number of axons in each histological image, and A n is the cross-section area of the nth axon. 
Data analysis
Data analysis was performed pixelwise using MATLAB (MathWorks, Natick, MA, USA). All images were co-registered using a rigid body registration algorithm (54) . To investigate the variations of DDR ⊥ over the frequency range, the first N (N = 2, 3 or 4) frequencies were used in the linear regression, which resulted in three estimates of DDR ⊥ . For example, DDR ⊥ (N = 2) was obtained using a linear fitting with frequencies of 50 and 100 Hz, while DDR ⊥ (N = 3) used frequencies 50, 150 and 200 Hz. Note that with higher frequencies (>200 Hz) diffusion spectra show curvatures other than linear dependence on frequency (see, e.g., Fig. 4 later), so all DDR analyses were restricted to frequencies less than 200 Hz. For comparison with histology, the ROIs of six different white matter tracts (see Fig. 2 ) were manually drawn on the T 2 -weighted image of each spinal cord (yielding altogether 36 ROIs).
Linear mixed-effects models with compound symmetry structure of the correlations were employed to evaluate the relationship between histological mean AxD and the MR parameters, i.e. D ⊥ and DDR ⊥ with animal-specific dependence in each fitted parameter taken into account. For each model, histogram and scatter plots of residuals were visually inspected to assure the normality of each parameter and randomness of the error, respectively.
In silico study based on histology
Computer simulations were performed to show the correlation between simulated DDR ⊥ values and mean axon diameters measured from histology of rat spinal cords. The 36 segmented histological images of all white mater tracts of all rat spinal cords were downsampled to a resolution of 0.1125 × 0.1125 μm 2 . Each type of whiter matter tract (N = 6) was randomly divided into three groups (two in each), either keeping the original spatial scale of 0.1125 μm per pixel or doubling or shrinking by half the original scale, i.e. 0.225 and 0.0563 μm, respectively. By this means, the input structures for computer simulation had a much broader mean axon diameter range (0.55-11.96 μm) but with the realistic microstructural features preserved (e.g. axon shape, volume fraction, packing density). A finitedifference time-domain approach (55) was used to simulate diffusion signals based on representative segmented histological images of six different white mater tracts. The diffusion coefficient of water molecules was assumed to be 1.0 μm 2 /ms everywhere (56), the water exchange between different compartments was assumed negligible (17, 18) and all other parameters were the same as for the MRI experiments. Note that simulations with water diffusion coefficients of 0.5 and 2 μm 2 /ms were also performed and the main results were qualitatively unchanged.
In vivo study of human corpus callosum
MRI
The human study was approved by our local institutional review board. Six healthy subjects (five males and one female, age 31 ± 7) were imaged on a 3.0 T Philips Achieva MR scanner (Philips Healthcare, Cleveland, OH, USA) equipped with a dualchannel body coil for RF transmission, a 32-channel head coil for signal reception and a whole-body gradient coil with strength up to 60 mT/m used in each direction. OGSE imaging data were acquired with a 2D single-shot spin-echo EPI sequence with parameters of T R /T E = 3600/124 ms, field of view (FOV) = 192 × 192 mm 2 , in-plane resolution 2.4 × 2.4 mm 2 reconstructed to 2 × 2 mm 2 , partial k-space sampling fraction 68.6%, number of acquisitions four and a total of eight repetitions to enhance signal-to-noise ratio (SNR). For each diffusion weighting, all images were co-registered before averaged to reduce motion artifacts. A spectral pre-saturation with inversion recovery (SPIR)
Data analysis
For each set of human data, all diffusion-weighted images were registered to their T 2 -weighted image using an affinetransformation algorithm written in house. The D ⊥ values were calculated with a mono-exponential decay equation for each frequency, and DDR ⊥ values were then calculated according to Equation [3] . Four ROIs were manually drawn within the corpus callosum, guided by the histological mean axon diameter data (see Fig. 8A later) originally published in Reference 57. Mean DDR ⊥ values of each ROI were used for investigating the correlation with expected histological mean axon diameters. Figure 2 shows histology images and the corresponding segmented images used for computer simulations. The histology-derived mean AxDs were also provided for each tract.
RESULTS
Diffusion simulations based on histological images
The simulated apparent diffusion spectra (black stars) are shown in the last row of Figure 2 . Linear fits of apparent diffusion spectra are indicated by the solid lines. All R 2 values were larger than 0.92, indicating that the apparent diffusion spectra are well represented by linear fits in this frequency range. For a comparison, diffusion spectra arising from intracellular (red circles) and extracellular (blue diamonds) spaces alone are also provided. It is consistent with previous findings that intracellular diffusion spectra decrease more rapidly than extracellular diffusion spectra as mean axon size decreases from VST to dCST. Note that each column of Figure 2 represents a different white matter tract, and the diffusion gradient was applied in the image plane. Figure 3 shows the correlations of three types of dispersion rate (i.e. DDR ⊥ arising from the whole space, DDR ⊥in from the intra-axonal space only and DDR ⊥ex from the extra-axonal space only) calculated from simulations with the mean AxD measured from histology. Each column represents a different frequency range used to obtain dispersion rate values. A linear fitting was performed in each subfigure in the range of mean axon diameter less than 5 μm (typical range in the central nervous system), and the corresponding Spearman correlation coefficients were provided. Note that all correlations had p < 0.01, indicating that all three types of dispersion rate correlate with AxD. However, the correlation coefficients of all DDR ⊥ex were intermediate (<0.7), while those of DDR ⊥ and DDR ⊥in were high (>0.92). This suggests that the dependence of DDR ⊥ on AxD is largely contributed by the intra-axonal space, presumably because of the rapid change of DDR ⊥in with AxD while DDR ⊥ex varies slowly over the frequency range used here. This may explain why the overall DDR ⊥ estimates AxD well. We should emphasize that the contribution to the dependence of DDR ⊥ on AxD is different from the intra-/extra-axonal contribution to DDR ⊥ itself. Figure 3 shows that when AxD < 1.5 μm, i.e. when the diffusion time is long compared with the restricting size, DDR ⊥ex is much larger (twice or more) than DDR ⊥in , suggesting that DDR ⊥ is mainly dominated by extra-axonal space when diffusion time is long. This is consistent with previous findings (47) . By contrast, when AxD > 3.5 μm, DDR ⊥in becomes larger (>50%) than DDR ⊥ex , suggesting that DDR ⊥ is largely contributed by intra-axonal space when diffusion time is shorter. Nonetheless, the overall dependence of DDR ⊥ on AxD is similar to that of DDR ⊥in , and this forms the basics of using overall DDR ⊥ to estimate AxD. Note that, when a different Figure 3 . The simulated correlations of three types of dispersion rate (i.e. DDR ⊥ arising from whole space, DDR ⊥in from the intra-axonal space only and DDR ⊥ex from the extra-axonal space only) calculated from simulations with the mean axon diameter AxD measured from histology. The circles are data, and each solid line represents a linear fit for those with AxD < 5 μm. All correlations have p < 0.01. frequency range was used (different columns in Fig. 3) , the dependence of DDR ⊥ on AxD remained approximately the same. This may provide extra flexibility for experimental design. Figure 4 shows the temporal diffusion spectra (data points) of six white matter tracts from a representative rat spinal cord, and the corresponding histology-derived AxDs are provided in the caption. Similar to the simulated data shown in Figure 3 , the diffusion spectra disperse with frequency in a linear manner in those white matter tracts with small mean axon diameters, i.e. FG and dCST, while the diffusion spectra are non-linear at higher frequencies (>200 Hz) in the white matter tracts with large mean axon diameters, i.e. VST. Nevertheless, all diffusion spectra disperse with frequency approximately linearly in the lower frequency range . Three frequency ranges were used to fit three DDR ⊥ s in the current study, i.e. N = 2, 3 and 4, corresponding to the frequency ranges 50-100 Hz, 50-150 Hz and 50-200 Hz, respectively. Although there are some small differences in the VST tract, the three estimates of DDR ⊥ using different frequency ranges match well in all other white matter tracts.
Ex vivo MRI of rat spinal cord
The top two rows of Figure 5 show representative D ⊥ (f) (perpendicular diffusion coefficient) maps with different effective diffusion times obtained using the OGSE and PGSE methods, and the third row shows DDR ⊥ maps obtained with three different frequency ranges, i.e. N = 2, 3 and 4. Although all D ⊥ maps can differentiate the butterfly-shaped gray matter (indicated by the pink contour) from the surrounding white matter, they are quite homogeneous in the white matter region except for the D ⊥ map with the shortest effective diffusion time (0.83 ms). This suggests that D ⊥ maps with intermediate or long diffusion times cannot differentiate different white matter tracts with different AxD values, which is consistent with previous reports (8) (9) (10) . By contrast, all three DDR ⊥ maps show clear contrasts differentiating different white matter tracts, especially distinguishing FC from FG and dCST tracts. The DDR ⊥ (N = 2) map is noisier than the other two DDR ⊥ maps, presumably due to the larger variations introduced by using only two frequencies in the linear fitting. Figure 6A shows the correlations between the histological AxD and D ⊥ with different effective diffusion times obtained using the OGSE and PGSE sequences, and the correlations between DDR ⊥ and AxD are depicted in Figure 6B . Each data point represents the mean value of each white matter tract ROI. The correlation coefficient r obtained using the linear mixed-effects model is given for each correlation. Note that the top plots in Figure 6A were obtained from the OGSE measurements, while the bottom plots were from the PGSE measurements with stimulated-echo diffusion sequences. Therefore, a large range of effective diffusion times (0.83-148.33 ms) was used to investigate the influence of diffusion time on the correlation of D ⊥ with the mean axon diameter. It is clear that the correlation coefficient r increases with shorter effective diffusion times. The D ⊥ (f) with short diffusion times (<2.5 ms) correlates strongly with the mean axon Figure 6C summarizes all correlation coefficients (r) shown in Figure 6A and B. Note that DDR ⊥ (N = 2 and 3) give the highest correlation coefficients, which shows that DDR ⊥ reports mean axon diameter better than D ⊥ with longer diffusion times, within the limits of the current study (<5 μm). Figure 7 shows the Bland-Altman plots of the differences of estimates of DDR ⊥ with different frequency ranges (N = 2, 3 or 4). There is only one data point in Figure 7A and two in Figure 7B that are potential outliers. All other data points are within 1.96 standard deviations, i.e. 95% confidence interval if a Gaussian distribution is assumed. These results suggest that there are no significant differences between DDR ⊥ s obtained using different frequency ranges. Figure 8 shows the results from the in vivo MRI of human corpus callosum of six healthy subjects. Figure 8A illustrates a typical human corpus callosum cross section, with four separable ROI regions; each was assumed to have a different but uniform mean axon diameter. The axon diameter data of human corpus callosum were originally published by Aboitiz et al. (57) , and later converted to volume-weighted means of different regions (20) . Figure 8B shows all six measured DDR ⊥ maps. Note that some DDR ⊥ maps are noisy, presumably due to relatively low SNR. Figure 8C 
In vivo MRI of human corpus callosum
DISCUSSION
Mapping axon diameter is of interest for a variety of pre-clinical and clinical applications. Diffusion MRI is well suited to measure axon diameters non-invasively, but current quantitative diffusion MRI methods are usually based on complex mathematical models that require sophisticated non-linear fitting techniques. Moreover, these methods usually require very long scanning times that are usually not tolerable for human patients in vivo. This study introduces a novel model-free metric, DDR ⊥ (perpendicular diffusion dispersion rate), which is simply the slope of the temporal diffusion spectrum over a relatively low frequency range. The slope (which has dimensions of area) correlates well with axon diameter. The spectrum disperses with gradient frequency approximately linearly over a relatively narrow frequency range. DDR ⊥ correlates with the mean axon diameter significantly in all white matter tracts with mean axon diameters in the range less than 5 μm, i.e. the typical range of mean axon diameters in the central nervous system. Note that the ActiveAx model (20) is also capable of reporting an index of mean axon diameter (instead of actual values), but it requires much longer acquisition times. By contrast, our results show that DDR ⊥ can be obtained with a minimum of two diffusion coefficient measurements taken at a minimum of two frequencies, so that the total scanning time could be reduced to a few minutes, depending on the SNR requirement. Therefore, DDR ⊥ can serve as a simplified metric for fast mapping mean axon diameters of white matter tissues without complex non-linear data fitting, which is very suitable for in-line data processing in practical applications of certain regions, e.g. corpus callosum and spinal cord.
Due to the complex contributions from both intra-and extraaxonal diffusion compartments, the accurate quantitative model for DDR ⊥ is still under development. In a recent study, it has been found that, if diffusion time is sufficiently long, the extra-axonal diffusion coefficient is dependent on f, while intra-axonal diffusion is dependent on f 2 (47) . Therefore, diffusion measurements in such circumstances are dominated by extra-axonal diffusion. This may provide a reasonable alternative explanation (other than axon shrinkage during tissue preparation for histology) why current diffusion measurements, e.g. ActiveAx, overestimate axon diameter compared with histology. This is consistent with our simulated intra-and extra-axonal ADCs, especially for tracts with smaller mean axon diameters. For example, AxD = 1.10 μm for the dCST tract shown in Figure 2 , and intra-axonal ADCs are much smaller than extra-axonal ADCs. If D = 1 μm 2 /ms, the root mean square displacement corresponding to the highest frequency, 250 Hz (shortest diffusion time), is about 1.41 μm, larger than the corresponding AxD. Therefore, diffusion measurements in these tissue regions are dominated by extra-axonal diffusion. This is also consistent with the results shown in Figure 3 that DDR ⊥ is mainly determined by DDR ⊥ex when AxD < 1.5 μm. However, when AxD > 3.5 μm, for example 5.98 μm in VST, the intra-axonal ADC is higher than extra-axonal ADC for frequencies higher than 50 Hz (see Fig. 2 ), and DDR ⊥ is similar to DDR ⊥in in such cases. This indicates that the correlation between DDR ⊥ and AxD covers a broad range of diffusion times as well as mean axon diameters, and hence a quantitative model to describe such a correlation should not be limited to long or short diffusion times only. Nonetheless, the experimental observation reported in the current work introduced a promising new metric mapping mean axon size, and may have potential in clinical practice.
Note that simulated ADC values (intra-and extra-axonal and both) of all tracts shown in Figure 2 were fit well with a linear function (R 2 > 0.92), in contrast to the prediction that extraaxonal ADC is dependent on f 2 (47) . This is presumably because the frequency range used was narrow, and therefore the quadratic dependence of intra-axonal ADC on frequency can be approximated as a linear function in such a narrow frequency range. It would be interesting to investigate the accuracy of the theory developed in (47) using the histology data acquired in the current study.
Our results confirm that the perpendicular diffusion coefficients with relatively long diffusion times (>12 ms) are not well correlated with the mean axon diameter, which is consistent with previous reports (8) (9) (10) . However, for the first time, we report that the perpendicular diffusion coefficients with very short diffusion times (e.g. <2.5 ms) are strongly correlated with mean axon diameter (r > 0.84; see Fig. 6A ). This can be explained by considering the characteristic diffusion length (root mean square displacement) of water molecules in each type of measurement. When diffusion time is longer than 12 ms, the characteristic diffusion length of 6.9 μm is much larger than the mean axon diameter of all white matter tracts, so the water molecules in all axons experience the restrictions of the axon walls and the apparent perpendicular diffusion coefficients are not very different in small or large axons. When the diffusion time is about 0.83 ms, the corresponding characteristic diffusion length is about 1.82 μm, comparable to the smallest mean axon diameter in dCST (~1.4 μm), so the measured perpendicular diffusion coefficients would be higher in larger spaces because the water molecules are less restricted than in these smaller axons. However, extremely short diffusion times are usually difficult to achieve in practice, so measuring the perpendicular diffusion coefficient with very short diffusion times may be difficult to achieve in practice. By contrast, the DDR ⊥ can be obtained with moderately low frequencies, which can be readily achieved with conventional human MRI scanners in vivo. More importantly, DDR ⊥ provides a better correlation with the mean axon diameter than even the perpendicular diffusion coefficient with the shortest diffusion time (0.83 ms) used in the current study. This less stringent requirement on diffusion time and higher correlation with mean axon diameter make DDR ⊥ an attractive metric to measure mean axon diameters of white matter tissues in vivo.
Because DDR ⊥ correlates approximately linearly with the mean axon diameter AxD, a more straightforward approach is to obtain the proportionality constant to convert DDR ⊥ directly to an estimate of AxD. However, the proportionality constant is dependent on the frequency range used in experiments, as shown in Figure 3 . It is interesting that the frequency ranges used in the current study were very different for rat spinal cord (50-300 Hz) and human corpus callosum , but DDR ⊥ correlates well with AxD in both cases. This indicates that, although the proportionality constant may vary with the frequency range, the linear dependence of DDR ⊥ on AxD preserves with a brand range of frequencies. Once a careful calibration is done with a fixed frequency range, the direct conversion from DDR ⊥ to AxD is possible with standardized parameters in practice, which is more desirable for diagnosis purposes.
The effective diffusion time corresponding to the frequencies 20-40 Hz used in the human corpus callosum study was 6.25-12.5 ms, resulting in root mean square displacements 3.5-5 μm if the diffusion coefficient is 1 μm 2 /ms. These values are larger than the reported typical axon diameters in the human corpus callosum (57) , but the DDR ⊥ obtained in this frequency range correlated well with the mean AxD. It is possible that the low frequency OGSE measurements of human corpus callosum with low diffusion gradient strengths (<60 mT/m) were actually more sensitive to larger axons (the higher end tail of the axon diameter distribution) and/or extra-axonal diffusion, which correlate with the mean axon size. Nevertheless, the perpendicular ADC values did not correlate with mean axon size while DDR ⊥ did, indicating that DDR ⊥ is potentially a surrogate indicator of mean axon diameter in human imaging. Note that, with the current advanced gradient systems (58), the frequency range of human imaging can be significantly enhanced, and hence the sensitivity to the relatively small axons can be significantly increased.
The correlation between DDR ⊥ and mean axon diameter is valid in the regions when the diffusion gradients are perpendicular to axons. By contrast, with the expense of longer scanning time, orientationally invariant estimates of axon diameter can be mapped over the whole brain using other model-based methods, e.g. the ActiveAx model. Therefore, in the current study, rat spinal cord and human corpus callosum were used because of their simple geometric organizations and prior knowledge of axonal directions, and DDR ⊥ can be obtained with diffusion gradients applied in a single direction chosen a priori. For more practical in vivo measurements, diffusion tensor imaging (DTI) can be performed first to determine the perpendicular direction of axon fiber bundles, followed by DDR ⊥ measurements. It would be also interesting to investigate whether the dispersion rate of perpendicular tensor eigenvalues versus frequency correlates with the mean axon diameter.
It should be noted that some physiological complications may affect the implementation of DDR ⊥ for fast mapping axon size. The dispersion of axon orientations has been reported and modeled previously (59) , but its exact influence on DDR ⊥ remains unclear. In addition, when the volume fraction of extra-axonal space increases significantly when some neurodegenerative diseases occur, the diffusion properties of extra-axonal space may vary significantly, which in turn complicates the simple data analysis of DDR. The influence of varying extra-axonal diffusion on DDR ⊥ needs to be investigated thoroughly.
Note that the frequency ranges used in the current animal and human studies were different, which was mainly due to the clinically available gradient strength. However, it could be also problematic to perform both animal and human studies using the same diffusion gradient parameters and frequencies. For example, the tissue properties (e.g. intra-and extra-axonal diffusion coefficient and transcytolemmal exchange rate) can be very different for animal versus human, and in vivo versus ex vivo conditions. It would be interesting to investigate the influences of these effects on DDR ⊥ comprehensively. It is encouraging that DDR ⊥ s with different frequency ranges showed no statistical differences from each other (see Fig. 7 ), presumably due to the well-behaved linear dispersion of the diffusion spectrum versus frequency over the narrow frequency range considered. For human studies on a regular clinical MRI machine, only relatively low gradient frequencies can be obtained, e.g. up to 40 Hz used in the current study, due to the limitations on gradient hardware and possible peripheral nerve stimulation (58) . However, DDR ⊥ can still be obtained from diffusion measurements in this frequency range, and hence can serve as an indicator of mean axon diameter, as shown in our in vivo human corpus callosum study.
One limitation of implementing DDR ⊥ measurements clinically is SNR. In order to increase diffusion weighting (b value), a long gradient duration (40 ms) was chosen, resulting in a long echo time (124 ms), which significantly decreases SNR. To compensate for this, a total of 32 single-shot acquisitions were averaged to achieve reasonable values. Note that even with this limitation, only about 8 min was required to measure DDR ⊥ , which is remarkably less than the previously reported 1 h whole-brain scan (20) and 35 min for human corpus callosum only (21) . More advanced human gradient coils, such as the Connectome coil with strength up to 300 mT/m for human heads (58) , can significantly reduce the echo time and hence enhance SNR. This will further accelerate the measurements of DDR ⊥ by reducing the number of repetitions, and therefore make it more suitable for clinical applications.
CONCLUSIONS
In the current study, we report for the first time that perpendicular diffusion coefficients with very short diffusion times (<2.5 ms) obtained using temporal diffusion spectroscopy are significantly correlated with the mean axon diameter. However, due to hardware limitations, this method may not be feasible on human scanners in practice. We thereby propose a novel simple metric, DDR ⊥ (the dispersion rate of perpendicular diffusion coefficients versus gradient frequency) over a small range of low frequencies, and show that this new metric can serve as a fast, simple and easy-to-use metric to map mean axon diameter within white matter with clinical feasibility and potential.
